Cell surface engineering has emerged as a powerful approach to form cell aggregates/spheroids and cell-biomaterial ensembles with significant uses in tissue engineering and cell therapeutics.
INTRODUCTION
Over the years, three-dimensional (3D) cell culture has emerged as a useful model that accurately probes spatial aspects of cell-cell interactions and physiological gradients, and preserves cellular viability, function and phenotype that fail to recapitulate in conventional twodimensional (2D) culture [1] [2] [3] . In addition, 3D cell culture systems can establish an in vivo mimicking microenvironment that provides deeper insights into cell differentiation, proliferation and migration that allow for a more realistic disease and organ modeling for cell therapeutics and drug screening applications [4] [5] .
In particular, cell spheroids have found numerous applications in tissue engineering, cell transplantation studies and the development of avascular tumor models [6] [7] [8] . Various approaches have been developed to induce cellular aggregation using either "passive" or "active" methods, which comprise stationary culture on non-adherent microstructures [9] [10] [11] or thermoresponsive polymeric surfaces [12] [13] [14] , rotating flasks and bioreactors 15 , suspension 16 and hanging-drop culture protocols [17] [18] . However, these methods often require days to form robust spheroids or are labor and cost-intensive 19 . Alternative methods comprising microfluidics [20] [21] [22] [23] , or magnetic [24] [25] [26] forces have also been reported that significantly improve the speed and cost of spheroid formation, but in most cases, specialized equipment and culture conditions are required, which are not always available in most biomedical laboratories.
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Chemical derivatization of the cell membrane constitutes a powerful approach to selectively induce and control the aggregation of cell populations in a highly controlled manner [27] [28] [29] [30] . Cell surface engineering methods have been reported that induce cellular aggregation via membrane biotinylation [31] [32] , covalent crosslinking [33] [34] [35] [36] , Coulombic/ionic interactions [37] [38] [39] , or nucleic acid recognition [40] [41] [42] . Recently, we reported on new polymers that act as macromolecular crosslinkers of cell populations either by exploiting the covalent derivatization of the cell membrane by suitable succinimide chemistries or by the covalent but reversible membrane modification via the formation of boronate esters 43 .
In this work, we report on a new copolymer that considerably accelerates the cell aggregation process via two distinct mechanisms, namely, the formation of boronate ester crosslinks on the cell membrane and a thermally triggered acceleration of the kinetics of aggregation owing to the hydrophobic interactions above the lower critical solution temperature (LCST) of the polymer.
The copolymer is found to induce the rapid formation of cell aggregates (CAs) and well-defined spheroids at significantly lower incubation times compared to non-treated controls under common cell culture conditions; the polymer responds sharply to stimuli such as temperature and glucose, which allows for precise control of the kinetics and the size of the aggregates. More importantly, it is demonstrated that the method is insensitive to the cell line used, which renders the concept generic, implying that the proposed polymer could find applications in a diverse range of research fields, such as the development of micro-tissues, 3D tumoroid and/or organ modeling, and cell therapeutics [44] [45] . 
Polymer synthesis and characterization. Typical procedure for the synthesis of poly(NIPAAm-co-APBA) (P1).
In a round-bottom flask, NIPAAm (1.12 g, 9.90 mmol) and APBA (19 mg, 0.1 mmol) at molar ratios 99:1 were dissolved in a 1:1 (v/v) DMSO/EtOH mixture (5 mL). AIBN (16 mg, 0.1 mmol) was added to the flask, which was then sealed with a rubber septum before purging with argon for 10 minutes. The reaction mixture was placed in a pre-heated oil bath at 75 ºC for 15 hours to initiate polymerization under magnetic stirring. The polymer was recovered by exposing the reaction to room temperature followed by precipitation in excess diethyl ether and drying under vacuum. The copolymer was isolated as white powder (yield 78%, SEC Mn 35900 Da).
Cell culture.
H9c2(2-1) (rat heart myoblasts) and HepG2 (human hepatocellular carcinoma) cell lines were maintained at 37 ºC, under 5% CO2 humidified atmosphere, in Dulbecco's modified eagle's medium (DMEM) supplemented with 10% (v/v) heat-inactivated 5 foetal bovine serum (FBS), penicillin (100 units/mL) and streptomycin (100 μg/mL). Cells were kept subconfluent by allowing recovery every 2-3 days. Live/Dead assay. Briefly, the cellular aggregates/spheroids were co-stained with DiOC18 (2 mM) and propidium iodide (4 mM) for live (green color) and dead (red color) cells, respectively, according to the manufacturer's protocol, and images were acquired by fluorescence microscopy. To evaluate the ratio of cellular aggregation at different time points, the values of the areas were normalized to those of the final aggregated area for 25 g/mL P1-treated cells (at 90 minutes incubation time), and shown as percentage.
Cell viability assays.

Cellular aggregates formation.
The viability of spheroids was determined by a Live/dead assay as previously described. The spheroids were observed by fluorescence microscopy and the cell viability was quantified with
ImageJ and presented as a percentage of the ratio of the number of green pixels to the sum of green and red pixels. (APBA) 46 . The final product was isolated in good yield and the chemical composition of the polymer was confirmed by 1 H NMR, which showed characteristic aromatic proton peaks in the region 6.9-7.7 ppm, and typical peaks of the isopropyl NIPAAm residues at 0.9 and 3.8 ppm (SI, Figure S1 ). These peaks were used to determine the ratio of the two co-monomers on the polymer backbone, which was found to be 98.3:1.7 (NIPAAm:APBA), similar to the initial monomer feed.
The LCST onset of the polymer in PBS and DMEM was determined by UV/Vis spectroscopy and was found to be 32 ºC and 34 ºC, respectively ( Figure 1b ). It should be noted that the LCST value in PBS (pH 7.4, 0.01 M) is very close to values reported for PNIPAAm homopolymers in water 47 , which means that the ionic strength of the PBS used was not sufficient to induce significant salting-out effects [48] [49] ; the low APBA feed (1.7%) was also not sufficient to lower the LCST onset, despite its hydrophobic character. In addition, given that the ratio of propagation and termination rate constants of acrylamide monomers is considerably higher than that of styrenics 50 , implied that the APBA distribution across the polymer chain is not uniform and therefore the overall phase transition of the final product is likely to behave similarly to PNIPAAm homopolymer analogs 51 . On the other hand, the impact of the boronate residues on the LCST onset is apparent in DMEM, which contains glucose. The glucose-boronate esters formed increase the overall solubility of the polymer that shifts the LCST onset to higher temperature [52] [53] , as observed in Figure 1b . Finally, the phase transition of the polymer in DMEM is complete at 36 ºC, that is, below cell culture conditions, allowing for a good temperature and pH-working window to interact with cells in vitro. 
Cytotoxicity assessment of copolymer.
The cytocompatibility of the copolymer was assessed through the resazurin assay ( Figure 2 ). Cells were incubated with P1 at concentrations ranging from 25 to 1000 μg/mL over a 7-day culture period. After 48 hours, high cell viabilities (around 99%) were observed for all P1 concentrations, while after 72 hours, a minimal decrease was observed with an overall cell viability above 80%. The cytotoxicity assay performed on H9c2 (cardiomyoblasts) cell line confirmed that the polymer exhibited minimum cytotoxicity, even at concentrations significantly higher than the required to induce cell aggregation. to the experiments performed at room temperature. Hence, we concluded that P1 induces aggregation mainly via two driving forces: 1) the inter-cellular crosslinking of neighboring cells by the formation of reversible diol-boronate ester bonds with the sialic acids (or other cis-diolrich residues) on cell surface glycoproteins [54] [55] [56] [57] [58] , and 2) the hydrophobic interaction of the polymer chains driven by the coil-to-globule phase transition above the LCST [59] [60] [61] [62] [63] 
Effect of polymer concentration on cellular aggregation.
To further elucidate the role of the copolymer concentration on the aggregation mechanism, cells were incubated with P1 at increasing concentrations (25 μg/mL to 500 μg/mL) below and above the LCST. Although P1 could induce extensive CAs formation at 25 and 50 μg/mL as discussed previously, the further increase of P1 concentration (for example at 100 μg/mL or above, as shown in Figure 4 ), triggered an interesting phenomenon in the aggregation process: the average size of the cell aggregates was significantly reduced, while at polymer concentrations of 500 μg/mL no cell aggregates were observed. We attribute this observation to the steric effect 64 where free non-cellanchored polymer chains inhibit the interaction of cell bound polymer chains resulting in the 13 macroscopic prevention of cell aggregate formation. Therefore, we decided to systematically probe the effect of temperature below and above the LCST at different polymer concentrations in more detail ( Figure 5 ).
At P1 concentrations up to 200 μg/mL, an increasing size of CAs over time was observed for both temperatures but at different rates. As expected, the aggregation rate was significantly more pronounced when the temperature was above the polymer's LCST, particularly, at concentrations of P1 below 100 μg/mL. A closer look reveals that after 30 minutes, the average aggregate size almost doubles in comparison with the same conditions below the LCST, while after 60 minutes the CAs formation is completed. At 200 μg/mL of P1, moderate formation of CAs is observed, which does not exceed 45 % of the total area of aggregation (considering as 100% the incubation of cells with P1 at 25 μg/mL) after 90 minutes irrespective of the temperature incubation.
Finally, at 500 μg/mL, nearly no CAs are observed after 90 minutes of incubation.
From this set of data, it is proposed that CAs are composed by three phases: a transient organization of discrete small cell clusters forming in the first 15 minutes, followed by a nearly linear growth of the CAs between 15-60 minutes, and a final ripening phase of established aggregate growth taking place after 60 minutes incubation.
To demonstrate the generic nature of the proposed aggregation mechanism, we also performed the experiments on a hepatoma cell line (HepG2). P1 also induced rapid formation of aggregates at similar rates as observed in the case of the H9c2 cell line (SI, Figure S4 ), which further corroborates our proposed concept that the diol-boronate type of macromolecular cell surface remodeling could indeed serve as a general one-polymer-fits-all approach for mammalian cell lines.
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Cell viability and proliferation of the aggregates in culture.
Encouraged by the cell aggregation results, cytotoxicity studies of the CAs formed with P1 at different concentrations were performed using a resazurin assay. Twenty-four hours after aggregation, cell death rates were found to be statistically insignificant, as observed in Figure 6 . However, 72 hours postformation, the death rates significantly increased (ca. 30%) for low polymer concentrations as a result of the prominent aggregation process, while low cell death rates (around 10-20%) were observed for high concentrations of P1, where the CAs density and size is lower (Figure 6c ).
These results underline the fact that low polymer concentrations exert a stronger effect on the aggregation mechanism, which in turn results in higher cell death rates, implying that it is the aggregation process that leads to increased cell death rates and not the polymer itself.
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Furthermore, the viability of these CAs was also assessed using a Live/dead assay. Figure 6 also shows that the majority of the cells in the aggregates were viable after a 24 hours incubation period with P1, while at 72 hours, the cell viability decreased. Both assays demonstrated high cell viability 24 hours after CAs formation followed by a steady decrease of the cell viability 
Spheroids formation and self-organization. Having established the conditions required to
form robust CAs using P1, we sought to test the capability of the copolymer to form scaffoldfree tumor spheroid/cardioid models by using non-adherent well plates, which are widely used for the growth of cell aggregates/spheroids. In the case of the cells incubated in U-shaped surface plates, it was found that after 24 hours, the projected area differences between polymer-treated and non-treated cells were not statistically significant and the spheroids were almost identical (Figure 9b ). Significant compaction of the cell spheroids was more obvious by day 2, as evidenced by the significant reduction of the diameter. This reduction of the average size after 48 hours is probably attributed to the fact that we capture image areas within the x-y axes of the optical plane of the microscope, which means that if the cells continue to grow in a spheroid-type of geometry (which indeed is evidenced by the characteristic darkening hue of the spheroids under the optical microscope), they should increase their overall volume along the z-axis that is virtually impossible to capture with the optical microscope. Therefore, from this set of experiments, we conclude that gravitational force is probably the main driving mechanism for the spheroid formation in the Ushaped well plates, which undermines the polymer-augmented cell-cell interactions that were observed in the flat ULA surfaces. However, a careful inspection of the microscopy images
shows that the polymer formed cell spheroids in the round ULA well plates that exhibit faster 21 maturation (as evidenced by the darker hue of the spheroids under the optical plane, Figure 8 and Another phenomenological conclusion is that the cells first agglomerate in a large 2D-like aggregate, which at later stages is transformed into a compacted spherical aggregate, implying that there should be an intra-spheroid mechanism that results in the re-organization of the 2D structure to the well-defined 3D spheroid formation. [65] [66] , while cells located at the periphery are actively dividing, as is evidenced by the homogenous green layer formed around the spheroids. It was also observed that cellular viability was independent of P1 concentration (SI, Figure S5 ). It is therefore concluded that there is a strong inverse correlation of the cell viability with the average size of the spheroids, and in order to eliminate extensive cell death within the spheroids, the latter should be preferably designed with relatively low cell seeding densities (i.e., below 5x10 3 cells per well).
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Therefore, our proposed copolymer could find useful applications in the construction of cell spheroids suitable for cell therapeutics, or the modeling of cancer tumoroids and hypoxia patterns 67 . In a wider context, the construction of 3D cell culture models for biomedical applications poses several technical challenges depending on the targeted application, which has led to the development of various 3D culture methods. For example, the formation of cell spheroids is usually conducted either by scaffold-based (including hydrogels, patterned constructs, microfluidic devices, etc.) or scaffold-free (e.g. hanging drop method, rotating bioreactors, among others) methods that have their own merits in terms of applicability, scalability and cost.
We believe that our proposed method can be integrated with many of the aforementioned methods as it has certain advantages in that 1) it comprises a non-toxic synthetic polymer that exerts strong cell-cell aggregation motifs at micromolar concentrations, 2) it accelerates significantly the complete formation of cell aggregates/spheroids (for example, as it was demonstrated in ULA surfaces where the formation time was faster by at least 24 hours), 3) it is perfectly compatible with widely used cell culture kits and sera, 4) it is generic regardless of the cell line as virtually most cell lines have glycosylated residues on their cell membrane, which are all potential chemical anchors of the boronate-rich polymer, and 5) it exerts robust aggregate kinetics owing to the covalent nature of the boronate bonds, albeit is highly controllable and reversible by the addition of free glucose or the control of the polymer's LCST onset.
CONCLUSIONS
In conclusion, we demonstrated a new thermoresponsive copolymer that induces rapid cell aggregation in complete medium exerted by specific polymer-cell surface interactions. The proposed copolymer can be easily integrated with existing cell culture protocols and significantly accelerates the formation of cell aggregates/spheroids at minute concentrations, under certain conditions. We anticipate that such macromolecular cell surface remodeling approaches will fuel 26 the field of chemically promoted 3D cellular constructs that could further boost the development of cell culture protocols and methods for tissue engineering, cell therapies, and ex/in vivo modeling studies.
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